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Here we report the first observation of simultaneous excitation of two noninteracting atoms by a
pair of time-frequency correlated photons in a superconducting circuit. The strong coupling regime
of this process enables the synthesis of a three-body interaction Hamiltonian, which allows the
generation of the tripartite Greenberger-Horne-Zeilinger state in a single step with a fidelity as high
as 0.95. We further demonstrate the quantum Zeno effect of inhibiting the simultaneous two-atom
excitation by continuously measuring whether the first photon is emitted. This work provides a new
route in synthesizing many-body interaction Hamiltonian and coherent control of entanglement.
Two-photon absorption, where two photons succes-
sively induce a quantum transition, was predicted by
Goeppert-Mayer in 1931 [1]. It was not experimen-
tally observed [2] until the invention of the laser, which
provides the necessary intense monochromatic radiation.
This effect has been widely used in fluorescent imaging
[3, 4], microfabrication [5], and quantum light sources [6].
It has been found that specially correlated two photons
can excite otherwise impossible two-photon transitions
[7]. In addition to the two-photon absorption in a single
atom, it has been found that two photons can also si-
multaneously excite two atoms that are interacting with
each other [8–10], which offers new methods in collec-
tive control of quantum systems [11] and in spectroscopy
with nanoscale resolution [12]. However, the requisite
of interaction between atoms hinders the application of
this effect in quantum information processing, since it
is difficult to make far apart qubits interact with each
other [13, 14]. To circumvent this obstacle, many pro-
posals [15–18] on simultaneous two-atom excitation have
emerged within the framework of cavity quantum electro-
dynamics. In particular, it has been shown that a single
photon can simultaneously excite two atoms [15] with the
effect of the counter-rotating terms and the ultrastrong
coupling [19]. However, it is still challenging to realize
the ultrastrong coupling and to mitigate its side effect.
Until now, the simultaneous excitation of two noninter-
acting atoms has never been observed experimentally.
While two uncorrelated photons with frequencies ν1
and ν2 cannot simultaneously excite two noninteracting
atoms with frequencies ω1 and ω2 at the two-photon res-
onance,
ν1+ν2 = ω1 + ω2,
νi 6= ωj for all i, j = 1, 2,
(1)
it has been shown that the photon pairs generated in a
cascade three-level system can excite two noninteracting
atoms by breaking the symmetry in the arrival time of
the two photons [7, 20]. However, the difficulty in col-
lecting the photon pairs in free space greatly limits the
efficiency of this process despite their promising applica-
tions in quantum spectroscopy [21, 22]. In this letter, we
experimentally demonstrate that by confining the photon
pairs in a cavity, two noninteracting artificial atoms can
be simultaneously excited in a superconducting circuit.
The three-body interaction between the light source and
the two atoms is in the strong-coupling regime, such that
the Greenberger-Horne-Zeilinger (GHZ) state [23] can be
dynamically generated in a single step. We also show that
this many-body dynamics can be coherently controlled by
the quantum Zeno effect [24–26]. This scheme requires
neither counter-rotating terms nor ultrastrong coupling
and provides a new method of synthesizing three-body
interactions and entanglement generation.
We first illuminate the underlying physics of simulta-
neous excitation of two noninteracting atoms with time-
frequency correlated photon pairs. Intuitively, it is easy
to understand that two uncorrelated photons cannot si-
2multaneously excite two noninteracting atoms under the
condition in Eq. (1). Since each atom independently in-
teracts with the two photons and can be considered sep-
arately, they cannot be excited because neither of them
is resonant with the photons. For the convenience of the
discussion on the correlated photon pairs, we alterna-
tively regard the two atoms as an entity and the transi-
tion probability can be calculated by considering which
photon being absorbed first. The two-photon transition
matrix element consists of two parts, A1 and A2 corre-
sponding to the quantum pathways where ν1 and ν2 are
first absorbed, as shown in Fig. 1 (a). From the second
order perturbation theory, we obtain [7],
A1 =
κ22κ11
ν1 − ω1 +
κ12κ21
ν1 − ω2 ,
A2 =
κ21κ12
ν2 − ω1 +
κ11κ22
ν2 − ω2 ,
(2)
where κij (much smaller than the one-photon detunings
|νj −ωi|) is the coupling strength between the atom and
photon with frequencies ωi and νj . The two-photon res-
onance in Eq. (1) renders that A1 = −A2 and the total
two-photon transition matrix element is zero. However, if
the two photons are generated from a cascade transition
of a three-level atom such that the photon with frequency
ν1 is guaranteed to arrive at the atoms first, only A1 is
present and it is generally nonzero [7]. Consequently,
the two atoms can be simultaneously excited. However,
although time-frequency correlated photon pairs can be
generated in nonlinear crystals [27] and atomic media
[28], the simultaneous excitation of two noninteracting
atoms has never been experimentally observed due to
the difficulty both in finding the proper atoms and in
collecting the entangled photon pairs.
Superconducting circuits offer a versatile platform to
verify this interesting process, thanks to the flexibility
of the artificial atoms (superconducting qubits) and the
strong coupling of the atom-photon interactions. The
experiment is performed in a superconducting circuit
consisting of multiple qubits interconnected in a zigzag
triangular ladder [29] (see Fig. 1 (b)), where the cou-
plings between neighboring qubits are measured to be
10 ∼ 13 MHz and otherwise the couplings are weaker by
about an order of magnitude. Each qubit is a frequency
tunable transmon circuit, whose sinusoidal potential well
hosts multiple energy levels. The lowest three energy
levels of Qj are referred to as the ground state |gj〉, the
first excited state |ej〉, and the second excited state |fj〉,
the latter of which is only involved in the experiment
for Q3. In our experimental setup, nonadjacent Q1 and
Q2 are the two noninteracting atoms, and Q3 is a qutrit
that generates the two cascade photons. Q4 is used as
a measuring qubit in demonstrating the quantum Zeno
effect. We can tune the resonance frequencies, perform
SU(2) rotations and measure the quantum states of these
qubits through their own flux bias lines, XY lines and
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FIG. 1. Simultaneous excitation of two noninteracting qubits.
(a) The quantum paths for A1 and A2 in Eq. (1). The path-
ways with the same color (blue or red) in A1 and A2 cancel
each other, evident from their opposite values of the detun-
ings from the atomic levels. (b) Sketch of part of the multi-
qubit superconducting circuit. Four qubits, labelled Q1, Q2,
Q3 and Q4, are used in this experiment. Each qubit has
its own flux bias line (blue) for fast frequency tuning and
microwave line (green) for SU(2) spin rotations. For qubit
readout, each qubit is capacitively coupled to its own readout
resonator which is coupled to one of the two common trans-
mission lines (pink). (c) The single-qubit probabilities of find-
ing Q1 (blue) and Q2 (red) in their excited states when they
are simultaneously driven by correlated photon pairs (circles)
and uncorrelated classical microwaves (triangles) as functions
of the interaction time τ . The joint probability of finding Q1
and Q2 in |e1, e2〉 by absorbing the correlated photon pairs is
denoted by the filled green circles, which almost overlap with
the empty blue and red circles. The simultaneous excitation
of the two qubits is in conformity with the prediction of Ref.
[7].
readout resonators, respectively. At the experimental
frequencies, the coherence performance of these qubits
is characterized by the lifetime and Ramsey interference
measurements, which yield the typical relaxation time
T1 > 20µs and the Gaussian dephasing time T
∗
2 ≈ 1µs
(see Supplementary Material for detailed information of
the device [30]).
The key experimental result is shown in Fig. 1 (c).
We first prepare Q3 in the state |f3〉, which subsequently
emits two cascade photons with frequencies ν1 ≈ 4.865
GHz (for |f3〉 → |e3〉 transition) and ν2 ≈ 5.100 GHz
(for |e3〉 → |g3〉 transition). These two photons simul-
taneously excite Q1 and Q2 with transition frequencies
ω1 ≈ 5.183 GHz and ω2 ≈ 4.781 GHz, which satisfy
Eq. (1). The strong coupling regime of this process is
demonstrated by the well observed three-body Rabi os-
cillation in Fig. 1 (c). We notice that the probability of
finding Q1 and Q2 jointly in |e1, e2〉 (filled green circles)
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FIG. 2. Generating the GHZ state with the three-body in-
teraction Hamiltonian. (a) Illustrative pulse sequence drawn
in the frequency versus time frame. After initializing Q1-
Q2-Q3 in |g1, g2, g3〉 at their respective idle frequencies, we
prepare the state |g1, g2, f3〉 by successively applying to Q3
an Xpi rotation (a pi rotation around X axis transferring
|g3〉 to |e3〉, red sinusoid) and an Xfpi rotation (transfer-
ring |e3〉 to |f3〉, light red sinusoid), following which we
apply square pulses to tune the quibt frequencies, so that
Eq. (1) is satisfied, for a dynamical evolution with a vari-
able time τ . Finally we bring the qubits back to their idle
frequencies for simultaneous readout: The same pulse se-
quence is repeated 1500 times to count the 12 probabilities
{Pggg , Pgge, Pggf , · · · , Pgef , Peef}. The tomographic pulses
in the shaded box is only inserted for QST of the GHZ
state, |ψGHZ〉, where the Xfpi rotation transforms |ψGHZ〉 to
its equivalent |ψ′GHZ〉 = (|g1, g2, e3〉 + eiφ |e1, e2, g3〉)/
√
2, fol-
lowed by null or pi/2 rotations running through the Pauli set
{I,Xpi/2, Ypi/2} for all three qubits. (b) The dominant oc-
cupational probabilities |c1(τ )|2 for |g1, g2, f3〉 (Pggf , orange
circles) and |c2(τ )|2 for |e1, e2, g3〉 (Peeg, blue circles) mea-
sured as functions of the interaction time τ , in comparison
with the numerical simulation (lines). (c) QST of the exper-
imental |ψ′GHZ〉 at τ ≈ 88 ns. Shown is the real part of the
three-qubit density matrix, ρ, after a numerical rotation to
remove the phase φ in |ψ′GHZ〉.
are almost the same as those of finding them individually
excited (empty blue and red circles), which is evidence of
the simultaneity of the two-atom excitation. In contrast,
by simultaneously driving Q1 and Q2 with uncorrelated
classical microwave pulses with the same frequencies ν1
and ν2, we observe no excitation of the qubits, as shown
(a)
(b)
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FIG. 3. The quantum Zeno effect of inhibiting the simul-
taneous two-atom excitation by continuous observation. (a)
Illustrative pulse sequence drawn in the frequency versus time
frame. Starting from all four qubits in their ground state, we
first apply two Xpi rotations to Q3 and Q4 (red and orange si-
nusoids). Then, we tune the frequencies of the four qubits into
two-photon resonance, i.e., ω1 + ω2 = ω3 + ω4 where ω3 = ν2
and ω4 = ν1, by applying square pulses to the qubit flux bias
lines. At τ < 500 ns, Q4 is continuously measuring the state
of Q3. At τ ≈ 500 ns when Q3 is in state |f3〉, we tune Q4 to
its idle frequency by applying a rectangle pulse. (b) The prob-
abilities of finding the qubits in the state |g1, g2, e3, e4〉 (green
circles), |g1, g2, f3, g4〉 (red circles) and |e1, e2, g3, g4〉 (blue cir-
cles) as functions of the interaction time τ , in comparison with
the numerical simulation (lines). At τ < 500 ns, we observe
the Rabi oscillation between |g1, g2, e3, e4〉 and |g1, g2, f3, g4〉,
without the state |e1, e2, g3, g4〉 being noticeably excited due
to the constant observation of Q3 by Q4. At τ > 500 ns when
Q4 is tuned off-resonant with Q3, we observe the simultane-
ous excitation of Q1 and Q2 by the two cascade photons from
Q3.
by the triangles in Fig. 1 (c).
During the process of the simultaneous excitation of
the two atoms, three-body entanglement between the
light source and the two atoms is generated. This can
be seen from the effective Hamiltonian between Q1, Q2
and Q3 (~ = 1),
Heff = A1σ
+
1 σ
+
2 σ
−
3 + h.c., (3)
where A1 is shown in Eq. (2) and its value is approx-
imately 2 MHz. The raising operators for the three
qubits are defined as σ+j = |ej〉〈gj | for j = 1, 2 and
σ+3 = |f3〉〈g3|, and the lowering operators are their Her-
mitian conjugate. The Hamiltonian in Eq. (3) is a three-
body interaction Hamiltonian that can entangle the three
qubits in a single step [15–17], which has never been re-
alized experimentally. In the present scheme, the large
4value of A1 allows a high-fidelity GHZ state to be gen-
erated within a time scale much shorter than the typical
coherence times of these qubits (see Supplementary Ma-
terial [30]). The experimental result is shown in Fig. 2.
The pulse sequence for generating the GHZ state is
shown in Fig. 2 (a). We first prepare Q1-Q2-Q3 in the
initial state |ψ(0)〉 = |g1, g2, f3〉 at their respective idle
frequencies. Then the three qubits are quickly biased
to their operating frequencies, so that Eq. (1) is satisfied
[30], by rectangular pulses applied through their flux bias
lines. After the dynamic evolution with a variable time τ ,
we bring the qubits back to their idle frequencies for mea-
surement. The results of the joint measurement of the
wavefunction |ψ(τ)〉 = c1(τ)|g1, g2, f3〉+ c2(τ)|e1, e2, g3〉,
ignoring the insignificant terms, are shown in Fig. 2
(b), in which the experimentally obtained probabilities
of |c1(τ)|2 and |c2(τ)|2 are plotted as functions of the in-
teraction time τ . At τ ≈ 88 ns, ideally a three-qubit GHZ
state |ψGHZ〉 = (|g1, g2, f3〉 + ei(pi/2+φ) |e1, e2, g3〉)/
√
2 is
generated, where φ is the dynamical phase picked up as
the three qubits are tuned back to their idle frequencies
right after the three-body dynamics. Quantum state to-
mography (QST) of a ψGHZ-equivalent state is shown in
Fig. 2 (c), which has a state fidelity of 0.9491±0.0073
(see Supplementary Materials for details of QST).
Our superconducting circuit allows us to investigate
the quantum Zeno effect from the inhibition of the si-
multaneous excitation of the two qubits by frequently
measuring whether the first photon ν1 is emitted. The
quantum Zeno effect was originally proposed as a funda-
mental question on whether frequent measurements can
stop the spontaneous decay of a quantum system [24].
In early experiments, it was demonstrated in quantum
systems undergoing coherent evolution [25] and barrier
tunneling [26]. It was later found that the quantum Zeno
effect is closely related to the dynamical decoupling and
can be used to control the quantum coherence and entan-
glement [31, 32]. This has been recently implemented in
both natural [33, 34] and artificial atoms [35–37]. Here
we demonstrate that the three-body interaction can be
effectively inhibited by frequently measuring its initial
state. This measurement is conducted by resonantly cou-
pling qubit Q4 to the transition |f3〉 ↔ |e3〉 of Q3, i.e.,
by setting ω4 ≈ ν1, so that Q3 in |f3〉 can excite Q4 in
about 14 ns, which is an order of magnitude shorter than
the period of the three-body Rabi oscillation. By con-
tinuously observing Q3, the three-body Rabi oscillation
is totally inhibited, as shown in Fig. 3. In contrast, once
the observation is stopped by tuning ω4 far away from
ν1, the three-body Rabi oscillation revives.
The pulse sequence of the four participating qubits in
the quantum Zeno effect is shown in Fig. 3 (a). Ini-
tially, the four qubits are tuned at their respective idle
frequencies and are prepared in the state |g1, g2, e3, e4〉
by two Xpi rotations simultaneously applied to Q3 and
Q4. Then the four qubits are quickly biased to their op-
erating frequencies by rectangular pulses applied through
their flux bias lines. At τ < 500 ns in Fig. 3 (b), the fre-
quencies of the four qubits are set to satisfy Eq. (1) and
ω4 ≈ ν1. The four qubits undergo a quick Rabi oscilla-
tion between the states |g1, g2, e3, e4〉 and |g1, g2, f3, g4〉.
We observe that although Q3 has a 50% probability to be
found in |f3〉, it stops exciting the two qubits Q1 and Q2
due to the continuous observation by Q4. We also notice
that the state |g1, g2, e3, e4〉 has negligible coupling with
|e1, e2, g3, g4〉, so that Q4 does not have any direct effect
on Q1 and Q2, which is ideal for the quantum Zeno effect.
At τ > 500 ns, Q1, Q2 and Q3 remain unchanged, but
Q4 is tuned to its idle frequency. As expected, without
the measurement from Q4, the two qubits Q1and Q2 are
subsequently excited by Q3.
The simultaneous excitation of two noninteracting
atoms is of fundamental importance to the basic law of
physics. Since the two atoms are not required to have
interactions, in principle they can be placed arbitrar-
ily far apart [7]. This indicates that the law of energy
conservation can be locally violated (the absence of the
one-photon resonance), although the energy is still con-
served globally (i.e., the two-photon resonance). This is
achieved by breaking the symmetry in the arrival time of
the two photons. Since local energy conservation origi-
nates from the time-translational symmetry according to
the Noether’s theorem, the asymmetric arrival time of
the two photons relieves the constraint of the local en-
ergy conservation. This effect also offers new freedom in
engineering many-body interaction Hamiltonians, com-
plementing the two-body interaction Hamiltonians which
have been intensively investigated and utilized in quan-
tum simulation [38–41]. A Hamiltonian that contains the
three-spin chirality operator has been synthesized with
Floquet modulation [29], which nevertheless complicates
the controlling procedure. Here the three-body Hamilto-
nian in Eq. (3) does not resort to Floquet modulation,
and demonstrates a high fidelity in generating entangle-
ment. Following the same line, four-body and five-body
interaction Hamiltonians can also be synthesized and the
current multiqubit superconducting circuit can be used
to demonstrate novel topological orders [42, 43].
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